condensation Ca-, Al-rich inclusions Ca and Ti isotope fractionation solar nebula protoplanetary disk 50 Ti isotopic anomalies Measured and modeled Ca and Ti isotopic fractionation effects in a diverse suite of refractory inclusions are used to understand processes of condensation in the solar protoplanetary disk where they and their precursor materials formed. This coordinated approach reveals largely decoupled isotopic signatures and implies that few, if any, of the studied inclusions can be considered primary condensates. All studied inclusions are enriched in light Ca isotopes (∼−0.2 to −2.8h/amu), but only two show correspondingly light Ti isotopes. Studied inclusions exhibit both heavy and light Ti isotope enrichments (∼0.3 to −0.4h/amu). These refractory element isotopic signatures, therefore, suggest admixture and reprocessing of earlier formed materials with distinct condensation histories. Along with coordinated measurements of 50 Ti isotopic anomalies, which span a range from ∼0 to ∼40 epsilon-unit excesses, the comparison of measured and modeled fractionation of Ca and Ti isotopes provides a powerful approach to understanding primitive nebular processes and environments in the protoplanetary disk. Remarkable evidence for Ca isotopic zoning within a typical Type B1 inclusion exemplifies the potential record of the earliest solar nebula that is likely lost and/or overprinted in the isotopic compositions of more volatile elements (e.g., Mg, Si, and O) by later modification processes.
Introduction
Calcium-, aluminum-rich refractory inclusions (CAIs) are among the oldest surviving solids in the Solar System. Their chemical and isotopic compositions provide a record of the conditions present in the protoplanetary disk where they formed and guide our understanding of how solids formed in the solar nebula, an important step in the eventual process of planet building. Thermal events that drove evaporation and condensation in the solar nebula resulted in significant mass-dependent isotopic variations in CAIs (e.g., Clayton and Mayeda, 1977; Wasserburg et al., 1977; Niederer and Papanastassiou, 1984; Niederer et al., 1985; Davis et al., 1990; Nagahara and Ozawa, 2000; Richter et al., 2002; Shahar and Young, 2007; Yamada et al., 2006; Young et al., 1998) . The magnitudes of these effects are primarily controlled by chemical volatility. While evaporation/sublimation is well explained by both theory and experimental work to produce enrichments in to the condensation problem affords a self-consistent model for Ca and Ti (as well as Mg and Si) that allows a direct comparison to the measured isotopic compositions of the studied CAIs. This comparison helps us evaluate the effects of condensation and the overall formation history of these objects. In particular, using Ca and Ti to understand the isotopic effect of condensation will allow us to more accurately assess the initial isotopic ratios of the more volatile Mg and Si potentially overprinted by later evaporation events. Furthermore, these results allow us to assess whether a given CAI is a primary condensate from a homogeneous solar gas or instead represents a mixture of materials from a variety of early reservoirs. Thus, these results can be used to understand key nebular processes and environments in the protoplanetary disk that CAI compositions recorded as they formed.
Samples
A diverse group of 6 inclusions from two CV3 meteorites were studied. The suite of samples included: a Type A CAI (EK5-2-1R), a Type B1 CAI (AL4884), two fine-grained inclusions (3B3 and 461 B), and a forsterite-bearing Type B CAI SJ101 from Allende, and a "reworked" Type B CAI (Crucible) from Northwest Africa (NWA 2364). Ca isotope measurements were also performed on a range of planetary materials for reference, including an Allende chondrule, terrestrial basalts and minerals (melilite and augite), and lunar basalts (Apollo samples 12051, 15555, 70035, 70215, 74205, 75015, and 75075) . The Smithsonian mineral standards were prepared from rock fragments that were gently crushed, hand-picked, and imaged by SEM, to avoid mixed mineral phases, prior to subsequently being hand powdered and dissolved. The fine-grained 3B3 and 461 B, coarse-grained Type A EK5-2-1R, and chondrule all come from slabs cut from a single sample of Allende.
In general, the studied CAIs exhibit textures and mineralogy that are typical for their sub-type classifications. Exceptions include apparent "mélanges" of accessory refractory hibonite and perovskite (±spinel) within the melilite interior of Type A CAI EK5-2-1R ( Fig. 1 ) and the potentially reworked nature of Type B CAI Crucible (Friedrich et al., 2005) . Similar to other coarsegrained Allende CAIs, EK5-2-1R exhibits some secondary sodalite and nepheline at the outer edge of its melilite interior. In Fig. 1 , EK5-2-1R appears to be about 3 × 3 mm, but this sample is a non-diametric slice of a previously much larger (∼10 × 10 mm) inclusion (Harper et al., 1990) . Crucible, 18 mm in its largest apparent diameter, is cup shaped (hence it has been called "the Crucible") and envelops a portion of the host chondrite (Friedrich et al., 2005) . Crucible contains coarsely grained melilite, fassaite, and primary anorthite, with abundant euhedral spinel heterogeneously disturbed throughout. Some anorthite has been altered to secondary melilite (Friedrich et al., 2005) . AL4884 is an ∼6 × 10 mm CAI with a heavily microfaulted surface that has been studied extensively by Bullock et al. (2013) . The core of AL4884 contains the typical abundant coarse-grained melilite, fassaite, and anorthite of Type B1 inclusions. Its melilite mantle is ∼250-500 μm thick and consists mainly of gehlenitic melilite and minor spinel (Bullock et al., 2013) . The microfractures across AL4884 are filled with secondary alteration and there are patchy areas of alteration within the CAI consistent with at least one previous secondary mineralization event. AL4884 was selected for this work in part because of its large size and in part because its pyroxene is particularly Ti-rich (∼5-17 wt.% TiO 2 , Bullock et al., 2013) . SJ101 is a very large ∼15 × 25 mm sized, forsterite-bearing Type B CAI described in detailed by Petaev and Jacobsen (2009) . It consists of coarsegrained grossular, melilite, anorthite, and clinopyroxene crystals separated by sinuous finer-grained forsterite-, clinopyroxene-rich bands. Small spinel grains enclosed in the silicates are distributed homogeneously throughout the inclusion. Minimal amounts of andradite and nepheline are observed in cavities and at the edge of the inclusion. The image shown of the fine-grain inclusion 3B3 in Fig. 2 is a fragment of a large CAI that was originally at least ∼10 × 10 mm in size. It is comprised of ∼5-10 μm sized spinel, hibonite, and alkali-rich melilite. The fine-grained CAIs lack obvious Wark-Lovering rims (Wark and Lovering, 1977) . Fine-grained CAI 461 B is relatively small, only about ∼250 × 500 μm in size. Its hibonite 'mantle' is ∼100 μm thick. It contains spinel and hibonite grains within its aggregate interior.
Methods

Theoretical mass-dependent fractionation models
We considered the isotopic consequences of condensation from a nebular gas in terms of the kinetics of condensation, the degree of undercooling, and potential reservoir effects. While it is possible to directly measure fractionation factors for evaporation (α evap ) in the laboratory, this is not the case for condensation fractionation factors (α cond ). Instead, a condensation model is needed to indirectly obtain α cond . Invoking the law of mass action, we make use of the relationship α eq = α cond α evap . Equilibrium fractionation factors (α eq ) can be calculated, allowing us to solve for α cond . This model considers the possibility for near-equilibrium insertion of condensing atoms and molecules where undercooling is minimal.
Kinetic fractionation during condensation depends upon the relative roles of collisional frequency (between molecular species and the grain surface), compared to the ability of a molecule to incorporate into the condensed phase structure (Simon and DePaolo, 2010) . Partition of the lighter isotopes into the condensates is favored when collisional frequency is the dominant controlling effect.
Ultimately, the relative importance of equilibrium versus the potentially much larger kinetic effects in the isotope fractionation depends on the degree of "overstepping" thermodynamic equilibrium as measured by the saturation index S i = P i /P i,eq with S i > 1 implying condensation. S i can be equated with a temperature difference (i.e., undercooling) from the equilibrium condensation temperature using the Van't Hoff equation and the enthalpy for the condensation reaction (Simon and DePaolo, 2010) . Combining these we arrive at a model for fractionation during condensation:
with m i being the mass of the lighter isotopic species of interest and m i being the mass of the heavier isotopic species. (Fig. 3) . The specific procedures including sample loading and analysis methodologies are similar, but improved on those described by Simon and DePaolo (2010 the duration of each ∼3 hour analysis. An exponential law is used for the instrumental mass discrimination corrections. Given that the magnitude of Ca isotopic anomalies in common Types A and B inclusions are small (Niederer and Papanastassiou, 1984; Simon et al., 2009; Shiller et al., 2015) we assume that their Ca compositions are normal, except for the mass fractionation effects. This study follows the approach of Simon and DePaolo (2010) analyses in the CAIs are dominated by the Ti-bearing pyroxene phase. Some measurements also include perovskite and minor hibonite as well. (Fig. 4) ; there is limited fractionation among terrestrial materials in general (<0.1h, e.g., Zhang et al., 2011; Zhu et al., 2002) and we see no spurious fractionation between this fassaite glass and pure TiO 2 .
There is a rich history of measurements of 50 Ti isotope effects in CAIs, including some recently reported results using laser ablation (Niederer et al., 1980 (Niederer et al., , 1981 (Niederer et al., , 1985 Papanastassiou and Brigham, 1989; Niemeyer, 1988; Chen et al., 2009; Leya et al., 2009; Trinquier et al., 2009; Zhang et al., 2012; Williams et al., 2016 combination of pulse rate and spot size depending on the concentration of Ti. Tests of the effects of pulse rate and spot size showed no correlations with measured isotope ratios. The laser ablation sample chamber is flushed with He (0.29 L/min) and mixed with Ar (0.69 L/min) and N 2 (8 ml/min) in a mixing cell just prior to introduction into the plasma.
Analytical results
All studied CAIs have δ 44 Ca/ 40 Ca values less than "normal"
planetary-like compositions (∼0h), similar to the isotopically "light" values reported in the early studies of Russell et al. (1978) and Niederer and Papanastassiou (1984) and more recently by Huang et al. (2012) . These signatures are also consistent with the enriched light isotopic compositions in Eu, Sr, and Ba reported by Moynier et al. (2006 Moynier et al. ( , 2010 Moynier et al. ( , 2015 0.0 ±1.0 (2 SE) measured by TIMS. It is noteworthy that an average of just the spots dominated by major minerals appears to exhibit a resolvable excess (1.5 ± 0.5, 2 SE), as they also appear isotopically "light" (see above). The second exception is 461 B that exhibits a large ε 50 Ti excess (41.6 ± 5.2, 2 SE), which also exhibits a negative δ 49 Ti/ 47 Ti value (Fig. 7) . This isotopic anomaly is the largest excess observed for common Types A and B CAIs, as opposed to spinel-hibonite inclusions (SHIBs), platy hibonite crystals (PLACs), and those that exhibit Fractionated and Unidentified Nuclear (FUN) isotopic properties (Wasserburg et al., 1977) . Although extensive tests were made to demonstrate the validity of our peak-stripping and mass bias correction method, other investigations that employed a calibration curve to correct for interferences have found that a high Ca/Ti ratio like that measured in 461 B (Fig. 5, inset) can artificially enhance the 50 Ti/ 47 Ti ratio of up to ∼10 epsilon units. Unlike Williams et al. (2016) , the peak stripping method appears to work for us because we find that the mass bias characteristic of instrumental conditions at UCLA for transition metals in this mass range are similar (see section 3.2.2). The effect in question is also much larger than 10 epsilon units and does not follow the expected linear relationship that an interference would produce.
Discussion
Condensation model for isotope fractionation
In order to calculate the isotope fractionation factors (α cond = R cond /R vapor ) needed to construct theoretical condensation model curves that can account for non-equilibrium conditions, one must consider multiple processes contributing to the fractionation. As outlined in Section 3.1, α cond is a function of equilibrium fractionation factors (α eq ), fractionation associated with evaporation (α evap ) through the law of mass action, and fractionation related to gas phase transport (α trans = (m/m )). Equilibrium fractionation factors (α eq ) can be determined by thermodynamic considerations (e.g., Simon and DePaolo, 2010) . Values for α eq between solid and vapor can be estimated from reduced partition function ratios (β), following the approach of Schauble (2011) . The magnitude of fractionation is controlled mainly by the transformation from vapor to solid with the exact identity of the solid phase(s) being of less importance. For calcium models, we assume an α eq for the simple reaction where Ca vapor condenses to silicate (i.e., diopside). At 1600 K, the Ca α eq equates to 1.000477. This is justified because at realistic nebular temperatures and pressures Ca CaO . For titanium models, we assume equilibrium between TiO and TiO 2 in the vapor phase and rutile. This leads to a Ti α eq at 1600 K that is less than unity (0.999995). The relative abundances of the titanium gas species (TiO ∼0.8 and TiO 2 ∼0.2) are based on the equilibrium condensation calculations of the type described in Ebel and Grossman (2000) . The α values empirically determined for evaporation (α evap ) for Ca (∼0.9562) and Ti (∼0.9880) come from Zhang et al. (2014) . The α values associated with vapor transport (α trans ) assume collision frequency ratios for the vapor phase species involving the atomic masses in the case of calcium vapor (i.e., Ca α trans = 0.953499) and the oxides TiO and TiO 2 for titanium vapor (i.e., Ti α trans = 0.985246).
Isotopic reservoir effects related to distillation of nebular gas
Calculations combining equations (1)-(3) afford α cond values that can be used to model the magnitude of Ca and Ti isotopic fractionation effects produced by condensation of nebular gas. Although these likely oversimplify the condensation process(es) that occurred in the early Solar System, they are illustrative. Using α cond (e.g., from section 5.1), the magnitude of isotope fractionation that occurs as the result of the Rayleigh distillation process expected during condensation leads to the model curves shown in Figs. 8, 9 and 11. For the sake of completion both bulk and instantaneous (in section 5.3) condensation models are considered.
Substitution of α cond into the typical bulk Rayleigh equation: where F is the fraction of gas remaining shows the effects of condensation where early formed nebular materials are expected to record an increased degree of light isotopic enrichment due to the depletion of the heavy isotopes by prior vapor-gas fractionation (Fig. 8) . The computed relatively light Ca isotopic signatures are consistent with those measured in CAIs by Niederer and Papanastassiou (1984) , Huang et al. (2012) , and this study.
During equilibrium condensation (i.e., ∼no undercooling), however, the Ca fractionation model calculations show that small positive mass dependent isotope effects of up to ∼ 0.5h can be produced. Under equilibrium conditions there is a slight depletion of light isotopes induced by vapor-gas fractionation leading to a heavy isotope enriched gas reservoir (Fig. 8, left panel) . In the case of Ca this is an especially robust result as Ca bonded to other atoms will always favor the heavy isotopes relative to the atomic Ca (i.e., logarithms of the reduced partition functions are greater than zero). In the case of the Ti isotope fractionation models there is effectively no α eq contribution (α eq = 0.999995) because Ti is bonded to oxygen in the dominant gas species, limiting differences in reduced partition function ratios. As a result, there are no heavy isotope enrichments in the condensates at equilibrium as there are for Ca (Fig. 8, left panel) . Comparison of the Ca and Ti condensation models in Fig. 8 show that the magnitudes, and in some cases the signs, of isotopic fractionations between chemically similar elements can be non-intuitive.
Comparison of measurements to condensation models
A comparison of the coeval Ca and Ti isotope ratios to the condensation models is shown in Fig. 9 . The model curve for condensation in Fig. 9 is based on an assumption that the degree of saturation for Ca and Ti should be similar given their broadly similar condensation temperatures (Fig. 10) ( i.e., S Ca = S Ti ). The measured Ca and Ti isotopic fractionation effects in most of the CAIs of this study do not follow the S Ca = S Ti curve, suggesting a decoupling of the Ca and Ti systems in terms of saturation. Type B inclusions AL4884, Crucible, and forsterite-bearing SJ101 Fig. 10 . Predicted enrichments of major rock forming elements as a function of condensation temperature (thermodynamic condensation model curves from D. Ebel). Possible decoupled history of Ca and Ti condensation of Solar gas shown that can explain the normal Ti and "light" Ca isotope effects measured in the studied refractory inclusions (see text). (Huang et al., 2012) exhibit fractionated Ca isotopes with correspondingly little Ti isotope fractionation and dramatically lie off the theoretical Ca-Ti-condensation curve (Fig. 9) .
The shallow (negative?) "trend" of the CAI data in Fig. 9 implies that Ti experienced limited fractionation in comparison to expectations from the large heavy isotope depletions observed in Ca. One explanation is that the Ti and Ca are inherited from distinct reservoirs, as the pervasive and sometimes variable 50 Ti anomalies imply (Fig. 7 , Table 1 ). In this case, the CAIs can be regarded as processed (e.g., melted) aggregates of pre-existing materials as opposed to condensates from a well-mixed gas. This hypothesis is supported by the textural relationships seen in Type A CAI EK5-2-1R ( Fig. 1 ) that suggest localized partial resorbtion ±overgrowth of refractory minerals, possibly indicating that coarse-grained inclusions grow in part by the consumption of earlier-formed refractory spinel-hibonite inclusions (SHIBs), a class of CAIs that often have large positive and negative 50 Ti anomalies (e.g., Ireland, 1988 Ireland, , 1990 Kööp et al., 2016a Kööp et al., , 2016b Sahijpal et al., 2000) . On the other hand, the measurements from a couple of the inclusions (major phases in EK5-2-1R and 461 B) do follow the theoretical fractionation model curve and thus can be explained by small (≤2 • C) degrees of non-equilibrium condensation (i.e., undercooling). Alternatively, the shallow slope defined by the data in Fig. 9 may indicate condensation from a well-mixed gas, but where Ca and Ti condensed in response to different degrees of undercooling (i.e., S Ca = S Ti ). This is possible because in detail Ti has a higher T eq than Ca by ∼50 • C at their respective 50% condensation temperatures (at nebular pressures of 10 −5 bar, Fig. 10 (Ebel and Grossman, 2000) . In this case, a difference in undercooling of ∼2 degrees is all that is required to produce these decoupled signatures (Figs. 8 and 11 ). The implication would be that the cooling rate during Ti condensation was slower than that when Ca condensed.
It can also be shown that the evidently uncorrelated Ca and Ti isotope records could be explained by a single condensation process, if the isotopic records reflect condensation of a localized 'droplet' and/or extremely fractionated nebular reservoir. This can be seen in Fig. 11 that shows the effects of instantaneous condensation where: We believe that models computed for instantaneous, rather than bulk condensation, are more representative of the processes dictating isotope fractionation recorded by the earliest formed condensates in the solar nebula. In general, all of the coarse-grained CAIs can be modeled by similar degrees of undercooling (e.g., ∼1-2 degrees) by instantaneous condensation. Likewise, the relatively extreme values measured in fine-grained CAI 3B3 can be explained by the endmember case of this scenario. The curves in Fig. 11 show that near-equilibrium condensation at more than ∼95% depletion of the gas reservoir in both Ca and Ti can explain the isotope ratios in both systems. If the model is taken at face value, i.e., the gaseous reservoir from which 3B3 condensed is the nebula and not an isolated portion of nebular gas, then fine-grained inclusions like 3B3 would have formed extremely late after >95% of the Ca in the nebula had condensed. At thermodynamic equilibrium the temperature interval over which this would have occurred was ∼1525 to 1450 K (e.g., Ebel and Grossman, 2000) . It is noteworthy that only about 5% or less of the Mg in the gas would have condensed through this temperature interval. Even if it condensed from a localized gas reservoir, this suggests that 3B3, a fine-grained CAI, actually represents a late or relatively late nebular condensation event and not condensation of a primordial solid. Future comparisons between additional measurements and these self-consistent theoretical models for Mg, Si, Ca, and Ti isotope ratios will allow us to more fully understand the effects of condensation and the formation history of these objects.
Anomalous 50 Ti effects track reservoir mixing in the early Solar System
The existence and size of isotopic anomalies (e.g., Niederer and Papanastassiou, 1984) are typically thought to reflect a significant state of isotopic heterogeneity in the earliest Solar System, perhaps left over from molecular cloud heterogeneities on the grain scale (Young, 2016) or late stellar injection (e.g., Dauphas et al., 2010) . The relative dilution of these isotopic anomalies has been used to track how less primitive solids and bulk planetary precursor materials were admixed and homogenized in the protoplanetary disk Liu et al., 2009; Moynier et al., 2010a Moynier et al., , 2010b Simon et al., 2009; Trinquier et al., 2008) .
A number of recent studies report 50 Ti isotope anomalies in early formed solids (e.g., Leya et al., 2009; Kööp et al., 2016a Kööp et al., , 2016b Williams et al., 2016 (Niederer et al., 1985; Papanastassiou and Brigham, 1989; Loss et al., 1994; Williams et al., 2012 Williams et al., , 2016 . Given the consistency between measured and modeled Ca and Ti isotope effects, a relatively simple non-equilibrium condensation scenario could explain 461 B. It likely condensed by ∼1-2 degrees of undercooling from a rather primitive gas reservoir with ε 50 Ti excess. Its refractory isotopic signatures indicate that it did not later equilibrate in a planetary-like reservoir. In light of the textural and petrologic evidence that EK5-2-1R contains "exotic" refractory phases, it is interesting that the Ti laser spot analyses of EK5-2-1R that contain the greatest proportion of spinel-hibonite "mélange" on average exhibit the most "normal" ε pendent Ti isotope effects that appear decoupled from the Ca isotopic composition, whereas it appears that the melt that partially enveloped them recorded a signature of non-equilibrium condensation, as would be theoretically predicted by its corresponding Ca isotopic composition. In order for the apparent mass-dependent Ti isotopic heterogeneity of the CAI to have persisted, its history must either reflect: (1) condensation on the precursor mélange of refractory phases that was later partial remelted, and evolved as an open system isotopically, or (2) that the mélange of refractory precursors was enveloped/partially consumed by a protoCAI droplet of remelted condensates. In either scenario, a second reservoir is required to impart the ε 50 Ti excess observed in the host phase.
It is commonly assumed that the carriers of the neutron-rich anomalous isotope effects were added significantly before the now extinct 26 Al (t 1/2 = 0.7 Ma) was added to the protosolar disk (Sahijpal and Goswami, 1998 ). An alternative explanation is that the concentrations of the neutron-rich isotopes and the 26 Al in the early Solar System are averages inherited from the cloud material from which the Sun formed. In the latter scenario, canonical 26 Al/ 27 Al 0 represents the homogenization of grains with much lower and much higher 26 Al/ 27 Al 0 values that are averaged by processing in the solar protoplanetary disk (Young, 2016) . EK-5-1R may represent a relatively primordial snapshot of this homogenization process in progress.
Implications of intra-CAI calcium isotopic zoning
The in-situ evidence for Ca isotopic zoning across the interior of AL4884 reported here is a novel discovery and only measurable because of the combined developments in our micromilling and mass spectrometry techniques. Systematic stable isotope measurements across CAI margins have been performed for various elements on an individual element basis, but multiple complementary isotope profiles, such as for Ca together with Mg, have rarely been made for the same object (cf. Bullock et al., 2013; Knight et al., 2009; Shahar and Young, 2007) . A previous hint of intra-CAI mass-dependent Ca isotopic heterogeneity exists in the early work of Niederer and Papanastassiou (1984) who reported resolvable effects among Al-Ti-pyroxene separates from a single inclusion. The intra-CAI Ca isotopic zoning in AL4884 confirms that a refractory element can be isotopically fractionated at the scale of an inclusion. The systematic zoning profile (Fig. 6) implies that AL4884 condensed with isotopically light Ca compared to planetary materials and experienced later evaporation and/or a changing environment that significantly affected the Ca isotopic composition of its melilite mantle. The zoning could be due to a compositional change of the surrounding gas or could be related to changing conditions (e.g., less undercooling) that govern formation of the melilite mantle. It is unclear why zoning was not also observed in Crucible, or for that matter, how pervasive intra-CAI Ca isotopic zoning is among different CAIs. Yet, the more refractory nature of Ca and relative superposition of core and edge, respectively, suggest that the events that led to Ca isotopic zoning in AL4884 occurred prior to the history inferred by the isotopic signatures recorded by moderately volatile elements Mg and Si in CAIs and their Wark-Lovering rims (e.g., Simon et al., 2005) .
Theoretical and experimental studies imply that evaporative residues must have been heated at low pressures for appreciable mass-dependent isotopic fractionation to be preserved (Davis et al., 1990; Nagahara and Ozawa, 2000; Yamada et al., 2006; Zhang et al., 2014) . As such, the relatively heavy Ca isotope enrichment measured in the melilite margin of AL4884 and the heavy Mg isotope enrichments of many CAIs imply that they experienced evaporation at low pressures (<10 −4 bar), conditions that are thought to be typical near the proto-Sun. It is noteworthy that little to no Mg could remain in the condensed phase at conditions hot enough to enrich heavy Ca by evaporation (Simon and DePaolo, 2010) . Moreover, the normal Mg isotopic compositions reported in the margins and WL rims for several CAIs (Bullock et al., 2013; Simon et al., 2005) and for chondrules (Alexander et al., 2008; Galy et al., 2000) indicate that these materials formed from high local partial pressures and/or dust-rich regions of the solar nebula distinct from the hot inner solar nebula.
The recent comparison of isotopic data for CAIs (Niederer and Papanastassiou, 1984) and numerical models of Simon and DePaolo (2010) quantified the discrepancy between Ca and Mg isotope effects. The difference is likely due to their significantly different volatilities. As such, the measured Ca isotopic zoning profile of AL4884 indicate that analogous Mg isotopic zoning profiles likely reflect a later process(es), i.e., Simon and Young (2011) . In fact, the sense of Ca isotopic zoning in AL4884 reported in this study is opposite that of its Mg isotopic zoning profile that decreases from "heavy" in the interior to relatively "normal" planetary values at the edge (Bullock et al., 2013) . Later coeval condensation from a reservoir with distinct planetary-like Ca and Mg, related to formation of the melilite mantle of AL4884, could potentially explain the apparently converging profiles. But in such a scenario an additional solid-state diffusive exchange event that produces the isotopic zoning, of the type reported by Simon et al. (2005) ; Young et al. (2005) , would also be required. Additionally, not all CAIs exhibit normal Mg isotope compositions at the edge, e.g., Simon and Young (2011) and the only other inclusion for which comparable in-situ Ca isotopic measurements are available, i.e., Crucible, appears homogeneous (this study). It follows that the sense of Ca zoning in AL4884 that is inconsistent with most reported Mg isotopic zoning profiles in CAIs that decrease from "heavy" in the interior to "normal" values at the edge implies that Mg isotopic signatures in CAIs in general may be susceptible to later modification in the solid-state, cf. MacPherson et al. (2012) . Evidence for apparently conflicting Ca and Mg isotopic zoning profiles therefore opens up the possibility that similar Mg isotopic records measured in a number of other CAIs could also be related to a late isotopic exchange event. Although more corroborating evidence is required to confirm the interpretation for later isotopic exchange, the new Ca data are difficult to reconcile with conventional interpretations for the canonical Al-Mg initial value of AL4884.
Conclusions
Here we report coordinated measurements of Ca and Ti isotopes in refractory inclusions. When compared to our latest condensation model calculations for isotopic fractionation it is clear that most, if not all, of the studied "normal" CAIs, and/or their precursor materials, record a multi-step/source condensation history. The extreme Ca and Ti isotope effects measured in the fine-grained CAI 3B3 exemplify the complicated condensation history of early formed solids. Such textures, that are often assumed to signify the primitive nature of nebular materials, may in fact reflect condensation from relatively evolved (i.e., fractionated) nebular gas rather than representing primordial condensates. The discovery of Ca isotopic zoning in Type B CAI AL4884 likely involves condensation from an evolving gaseous reservoir, presumably after 26 Al was added to the Solar System, but before its moderately volatile element isotopic signatures were preserved. Thus, the existence of Ca isotopic zoning in AL4884 implies that its Mg isotope record pertains to a later, likely subsolidus, nebular history.
